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ABSTRACT:  In  order  to  use  an  ion  chamber  accurately  in  a  mixed 
neutron  and  gamma-ray  field,  its  sensitivity  to  all  components  of 
the  radiation  must  be  known.  The  sensitivity  of  a  commercial 
steel-walled,  argon-filled  ion  chamber  to  neutrons  amd  gamma  rays  of 
various  energies  has  been  measured  and  compared  to  calculated 
estimates.  The  ion  chamber  gives  conservative  results  when  used  in 
an  u.nknown  .field,  and  the  overestimates  can  be  quite  large. 


1.  INTRODUCTION 

Ion  chambers  are  often  used  in  mixed  neutron-gamma  radiation 
environments  to  measure  the  radiation  kerma.  They  are  typically 
sensitive  to  both  neutrons  and  gamma  rays,  but  not  with  the  same 
efficiency.  In  order  to  interpret  the  ion  chamber  readings  j 

correctly,  one  must  understand  how  the  ion  chamber  is  responding  ' 
to  each  of  these  radiation  components. 

The  Nuclear  Effects  Directorate  (NED)  has  acquired  a 
Reuter-Stokes  model  RSS-111  ion  chamber  in  order  to  measure 
gamma-ray  tissue  kerma  in  low-level  radiation  fields.  This  ion 
chamber  has  the  advantages  of  high  sensitivity  (down  to  a  few 
micro-Rad  per  hour),  ruggedness,  and  portability.  In  order  to  use 
this  detector  in  the  variety  of  radiation  fields  encountered  by 
the  NED,  however,  it  became  necessary  to  calibrate  this  detector 
as  a  function  of  both  neutron  and  gamma-ray  energies. 

The  manufacturer  of  the  detector  (Reuter-Stokes)  has  supplied  a 
gamma-ray  sensitivity  function  with  the  instrument  (Fig.  1).  This 
was  based  on  the  calcluations  and  measurements  of  Ref.  1.  No  neutron 
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response  was  supplied,  but  Ref.  2  and  3,  for  example,  indicated  tha^ 
there  might  be  a  substantial  response  to  neutrons,  especially  at 
higher  energies.  Since  the  ion  chamber  was  expected  to  respond  in  a 
spectrum-dependent  manner  for  both  neutrons  and  gamma  rays,  a 
calibration  effort  was  undertaken. 


The  Reuter-Stokes  RSS-111  ion  chamber  consists  of  a  12.7  cm 
radius  spherical  ion  chamber  filled  with  high-purity  argon  gas  to 
a  pressure  of  25  atmospheres.  The  thickness  of  argon  gas 
penetrated  in  one  radius  is  0.51  gm/cm’^*2.  The  wall  of  the  ion 
chamber  is  a  0.30  cm  thick  type  304  stainless  steel.  For  safety, 
this  is  then  enclosed  in  another  cubical  case  of  0.24  cm  thick 
steel.  The  ion  chamber  is  operated  with  the  outer  case  in  place, 
for  a  total  steel  thickness  of  0.54  cm.  (4.26  gm/cm**2). 


2.  CALCULATION  OF  SENSITIVITY 


A  calculation  of  the  sensitivity  of  the  RSS-111  to  neutrons  and 
gamma  rays  was  performed  prior  to  measurement  for  two  reasons: 
First,  calculated  curves  could  be  used  in  the  selection  of  energies 
at  which  to  calibrate;  and,  secondly,  the  calculated  shape  of  the 
response  function  could  be  used  to  interpolate  between  measured 
points . 


A.  Gamma-ray  Response 


The  ionization  which  is  measured  with  the  ion  chamber  occurs 
in  the  argon  gas.  This  ionization  has  two  sources:  gamma-ray 
interactions  in  the  gas  generate  electrons  which  are  collected; 
and  gamma-ray  interactions  in  the  steel  walls  generate  electrons 
which  penetrate  into  the  gas  and  are  then  collected.  The  dominant 
mechanism  depends  upon  the  range  of  electrons  in  the  gas.  For 
long  electron  ranges,  the  ionization  in  the  gas  is  primarily  due 
to  gamma  interactions  in  the  walls;  for  short  electron  ranges, 
the  electrons  in  the  gas  are  primarily  due  to  gamma  interactions 
in  the  gas  itself. 


One  of  the  first  things  to  be  shown  was  that  electrons  generated 
outside  the  chamber  could  not  penetrate  to  the  interior.  This  is 
necessary  for  the  ion  chamber  to  be  sensitive  only  to  the  gamma-ray 
environment,  and  not  sensitive  to  incident  electrons.  This  is  done 
in  Table  1,  where  the  CSDA  (Continuous-  Slowing-Down  Approximation) 
range  of  electrons  in  iron  is  shown  to  be  less  than  the  wall 
thickness  of  4.26  gm/cm**2  for  gamma  rays  of  energies  below  10  MeV. 
This  is  also  sufficient  thickness  for  charged  particle  equilibrium 
to  be  attained  in  the  walls;  i.e.,  the  electron  spectrum  penetrating 
the  gas  from  the  walls  is  characteristic  of  iron.  Gamma-ray  spectra 
encountered  in  normal  use  at  NED  will  not  contain  a  significant 
amount  of  gamma  rays  of  energy  greater  than  10  MeV. 


Burlin  general  cavity  theory  as  presented  in  Ref.  4  was  used 
develop  the  gamma-ray  sensitivity  of  the  RSS-111.  In  this  theory. 


D(Fe)  =  (1/f)  A  D(A) 


where  D(Fe)  and  D(A)  are  the  doses  deposited  in  iron  and  argon, 
respectively,  f  is  the  conversion  factor  relating  the  dose 
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deposited  ir.  argon,  which  is  measured,  to  the  dose  deposited  in  a 
small  samcle  of  iron.  To  convert  the  iron  kerma  to  tissue  Jcerma, 
one  multiplies  hy  the  ratio  of  mass  energy  absorption 
coefficients  cf  tissue /iron  for  the  energy  of  the  incident  oamma 
rays . 

The  conversion  factor  f  is  found  from 
f  =  d*'S  +  {l-d)*(ij/p) 

where  s  is  the  ratio  of  mass  stopping  powers  of  argon/ iron  and 
(jLi/p)  is  the  ratio  of  mass  energy  absorption  coefficients  of 
argon/iron,  d  is  a  function  of  the  electron  range  in  the  gas. 

For  a  large  electron  range,  d  approaches  unity,  and  the 
conversion  factor  f  approaches  the  mass-stopping-power  ratio. 

This  is  the  normal  Bragg-Gray  relation  for  small-cavity  ion 
chambers.  For  a  small  electron  range,  d  approaches  zero,  and  f 
approaches  the  mass  energy  absorption  coefficient  ratio.  This  is 
the  appropriate  limit  for  neglecting  the  effect  of  the  walls  of 
the  ion  chamber.  For  intermediate  electron  ranges,  one  has  the 
appropriate  weighted  average  of  s  and  %t/p  to  give  the  correct 
calibration  factor.  ^ 

The  expression  used  to  calculate  d  is 

l-exp( -b*a) 

d  =  - -- 

b’^g 

where  b  is  the  effective  mass  attenuation  coefficient  for 
electrons  in  the  gas,  and  g  is  the  average  path  length  of 
electrons  in  the  gas  cavity.  These  are  somewhat  difficult  to 
calculate  because  there  is  a  whole  spectrum  of  electrons  for  even 
monoenergetic  Incident  gamma  rays,  and  because  the  average  path 
length  is  dependent  on  the  geometry  of  the  ion  chamber.  For 
purposes  of  this  calculation,  the  simplifiying  approximation  is  made 
that  the  reciprocal  of  the  electron  range  for  electrons  cf  energy  of 
one-half  the  incident  gamma-ray  energy  could  be  used  for  b.  (This 
approximation  fails  outside  the  rane  1-5  MeV  gamma,  but  does  not 
greatly  affect  the  calculated  results.)  Also,  the  average  path 
length  in  the  cavity  (g)  was  taken  to  equal  the  chamber  radius. 

The  above  equations  are  based  on  the  implicit  assumption  that 
there  is  no  significant  attenuation  of  the  gamma-ray  flux  through 
the  chamber.  This  is  true  for  high-energy  gamma  rays,  but  not  for 
low-energy  gamma  rays.  A  transmission  factor  of  T=exp( -iJ(E)xD) 
was  used  to  correct  for  gamma-ray  attenuation  through  the 
shell.  Here,  pi(E)  is  the  energy-dependent  mass  energy-absorption 
coefficient  of  iron,  and  D  is  the  effective  thickness  of  the  sum 
of  the  two  steel  shells  in  gm/cm»‘t*2.  The  effective  thickness  is 
found  from  the  actual  thickness  by  considering  the  fact  that  the 
gamma  rays  strike  the  shells  at  various  angles  and  thus  pass 
through  more  material  than  the  nominal  (radial)  thickness.  The 
ratio  of  effective  to  nominal  thickness  varies  somewhat  with  the 
angular  distribution  of  the  radiation  and  the  attenuation  of  the 
shell.  A  ratio  of  1.4,  suitable  for  medium  attenuation  of  isotropic 
radiation  on  a  spherical  shell,  was  used  for  these  calculations. 

This  will  affect  mainly  the  efficiency  below  1  MeV. 


The  tissue  Jcerma  D(Ti)  is  found  from  the  iron  kerma  DtFe. 

f  rom 

(/jen/6)Ti 

D(Ti)  = - -  D(Fe) 

(Men/p)Fe 

Table  2  shows  the  calculation  of  the  gamma-ray  sensitivity  of  the 
RSS-111.  Values  of  electron  range  and  s  were  taken  from  Ref.  5, 
and  values  of  ju/p  were  taken  from  Ref.  6.  The  efficiency  at  1.2  MeV 
is  normalized  to*^  unity  because  the  chamber  is  calibrated  in  a  Co-6C 
gamma-ray  field. 

Figure  2  shows  the  calculated  gamma-ray  response  functions  for 
three  different  effective  thickness  ratios  of  the  shell  (1.2,  1.4, 
and  1.6).  Figure  3  compares  the  calculated  response  against  the 
supplied  response  function.  There  are  differences  both  at  low  and 
high  energies.  In  radiation  environments  of  interest  to  NED,  only 
about  5%  of  the  gamma-ray  kerma  is  due  to  gamma  rays  below  20C  kev, 
so  that  the  differences  at  low  energies  may  be  neglected.  The 
differences  at  high  energies  are  significant. 


B.  Fast  Neutrons 


Burlin  cavity  theory  can,  with  some  difficulty,  be  adapted  to 
find  the  neutron  sensitivity  of  the  RSS-111.  As  before. 


but  now 


D(Fe)  =  (1/f )  *  D(A) , 


f  =  d*s  +  (l-d)*k. 


s  is  now  the  ratio  of  stopping  powers  of  the  heavy  charged 
particles  which  result  from  neutron  interactions,  k  is  the  ratio 
of  the  kerma  factors  of  the  chamber  wall  and  the  filling  gas, 
where  a  kerma  factor  is  the  amount  of  energy  released  per 
neutron/cm**2  in  the  given  material.  The  calculation  of  d  is 
similar  to  the  electron  case,  except  that  the  effective  mass 
attenuation  coefficient  for  heavy  charged  particles,  and  not  for 
electrons,  is  used. 

The  primary  difficulty  in  applying  Burlin  theory  in  this  case 
is  that  there  are  several  mechanisms  of  interaction  of  the 
neutrons  with  the  chamber  materials.  One  may  have  recoil 
particles,  or  neutron-generated  protons,  alphas,  gammas,  etc. 
Thus,  finding  the  secondary-particle  range  and  stopping  power  is 
quite  difficult.  The  range  for  recoil  protons  will  be  used  for 
estimating  purposes,  and  the  stopping  power  will  be  taken  to  be 
inversely  proportional  to  the  range.  The  energy  of  the  recoil 
proton  will  be  approximated  to  be  less  than  the  energy  of  the 
incident  neutron  by  3  MeV,  the  Q-value  of  the  Fe-56(n,p)  reaction, 

To  find  the  range  of  protons  in  argon,  the  Bragg-Kleeman 
relationship  was  used: 


vrtiere  R  is  the  range  in  cm,  p  is  the  density  of  the  absorbing 
material,  and  A  is  the  atomic  number  of  the  absorbing  material. 

The  range  of  protons  in  air  (A=14.7)  was  taken  from  Ref  7. 

The  transmission  factor  for  neutrons  through  the  shell  of  the 
ion  chamber  is  taken  to  equal  1.0  for  all  neutron  energies.  (In 
effect,  this  assumes  the  neutron  transmission  to  be  the  same  as 
CO-60  gamma-ray  transmission.  This  is  a  good  approximation  compared 
to  some  of  the  others  in  the  calculation  of  neutron  sensitivity. ) 

The  results  of  these  calcultation  are  shown  in  Table  3  and  in 
Figure  4.  The  sensitivity  to  neutrons  turns  out  to  be  significant 
only  at  higher  neutron  energies,  and  does  not  vary  much  with  the 
factor  d. 


C.  Thermal  Neutrons 

The  R££-lll  contains  iron  and  argon,  both  of  which  are 
sensitive  to  thermal  neutrons.  The  iron  has  a  cross  section  of 
2.55  barns  and  the  argon  has  a  cross  section  of  0.69  barns.  Since 
the  iron  cross  section  is  higher,  and  since  there  is  more  iron, 
the  iron  contributes  the  bulk  of  the  sensitivity.  For  a  thin 
shell  of  thickness  X,  NG.the  number  of  gamma  rays  per  cm*’^2 
produced,  is 

NA  X  p  X  cr  X  X 

NG  =  - X  NTH 

A 

where  NA  is  Avogadro's  number,  p  is  the  shell  density,  cr  is  the 
cross  section,  A  is  the  atomic  weight,  and  NTH  is  the  thermal 
neutron  fluence.  This  reduces  to  NG  =  0.25  x  X  x  NTH  for  iron.  An 
increase  of  a  factor  of  two  resulting  from  thermal -neutrons 
interacting  with  the  walls  on  the  way  out  as  well  as  on  the  way 
in  is  canceled  by  a  decrease  of  a  factor  of  two  resulting  from 
the  fact  that  half  the  gamma  rays  are  directed  away  from  the 
sensitive  volume.  The  tissue  kerma  (K)  may  be  found  from  the 
number  of  gamma  rays  by  use  of  the  mass  energy-transfer 
coefficient  wen/p  for  tissue; 

K  =  NG  X  EG  X  (uen/p) 

where  EG  is  the  energy  released  on  the  form  of  gamma  rays  (7.6  MeV) . 
Using  a  shell  thickness  of  0.54  cm,  and  conversion  constants  of 
1.60E-6  erg/MeV  and  100  erg/gm/Rad,  gives  a  sensitivity  for  the 
RSS-111  of  2.87E-10  Rad  per  thermal  neutron/cm**2 .  This  may  be 
compared  against  the  thermal  neutron  sensitivity  of  a  Geiger  counter 
of  2.0E-10  Rad  per  thermal  neutron/ cm*>*'2  (Ref.  8). 

The  shell  thickness  is  not  adjusted  here  for  the  average  path 
length  of  thermal  neutrons  in  the  iron,  as  it  was  for  low-energy 
gamma  rays,  tut  this  should  be  partly  compensated  by  the  fact  that 


the  gamna  rays,  being  generated  in  the  steel,  have  less  steel  tc 
penetrate  before  escaping  the  shell.  These  gamma  rays  are 
therefore  less  likely  to  generate  ions  which  may  be  collected  in 
the  gas  volume. 

The  estimate  made  here  is  subject  to  large  uncertainty,  but 
it  does  indicate  the  necessity  of  measuring  the  thermal-neutron 
sensitivity  of  the  RSS-111  for  use  in  radiation  fields 
encountered  at  the  NED. 

3.  MEASURED  SENSITIVITIES 

The  neutron  and  gamma-ray  sensitivities  of  the  ion  chamber  were 
experimentally  determined  by  comparing  the  response  of  the  chamber 
to  the  response  of  NE-213  and  He-3  spectrometers  in  various 
radiation  fields.  These  detectore  were  chosen  because  they  give 
spectra,  and  because  they  can  be  used  to  obtain  separate  neutron  and 
gamma-ray  results.  Bare  and  cadmium-covered  BF-3  proportional 
counters  were  used  to  monitor  the  thermal -neutron  fluence.  Thus,  the 
complete  radiation  environment  could  be  determined. 

For  some  of  the  measurements,  a  bismuth  germanate  gamma-ray 
spectrometer  was  used  to  monitor  the  gamma-ray  fields,' but  these 
results  were  always  related  to  NE-213  results,  and  not  used 
directly . 

The  detectors  had  been  previously  calibrated  against  neutron  and 
gamma- ray  sources  of  known  intensity.  The  NE-213  was  used  to  measure 
neutrons  when  the  energy  was  greater  than  2.0  MeV,  and  the  He-3  was 
used  when  the  neutron  energy  was  less  than  2.0  MeV.  The  expected 
uncertainty  in  the  NE-213  and  He-3  kerma  results  is  5%. 

Two  gamma-ray  sources,  Cs-137  and  Co-60,  were  used  to  calibrate 
the  RSS-ill  at  .67  Mev  and  1,2  MeV,  respectively. 

Another  source  of  radiation  used  was  the  3  MeV  Van  de  Graaff 
particle  accelerator  at  Defence  Research  Establishment  Ottawa 
(DREC).  The  targets  and  associated  reactions  used  here  were: 

(a)  Thin  (^-20  ug/cm*’^2)  LiF  targets  which  produced  low  energy 
neutrons  via  the  Li-7(p,n)Be-7  reaction.  Additionally,  such  targets 
produced  high-energy  (^7  MeV)  gamma  rays  in  sufficient  intensity  to 
be  useful. 

(b)  Thick  ('^1000  ug/cm’^*2)  deuterium  targets  which  produced 
mid-energy  neutrons  via  the  D(d,n)T  reaction. 

(c)  Thick  ('•1000  ug/cm**2)  tritium  targets  which  produced 
high-energy  (fusion)  neutrons  via  the  T(p,n)He-3  reaction. 

All  measured  kermas  are  listed  in  Table  4. 

A.  Gamma  Rays 

The  gamma-ray  efficiency  curve  is  determined  from  the  data  of 
part  a  of  Table  4.  For  the  first  two  points,  there  were  no 
neutrons,  so  that  the  efficiency  could  be  determined  directly. 

For  the  last  point,  the  gamma  rays  were  mixed  with  0.8  MeV 


neutrons.  A  berated -poly  brick  was  used  between  the  source  and 
detectors  to  reduce  the  neutrons,  but  they  could  not  be  eliminated. 
However,  the  15. C  micro-rad  neutron  kerma  could  be  neglected  because 
the  expected  neutron  sensitivity  at  0.8  MeV  is  small.  Even  if  t.te 
estimate  of  neutron  sensitivity  from  Table  3  were  in  error  by  a 
factor  of  5,  this  would  still  be  less  than  a  1%  correction.  Figure-  5 
shows  the  measured  gamma-ray  spectrum.  Fig.  6  shows  the  same 
spectrum  weighted  by  the  energy  content  of  the  gamma  rays.  These 
show  a  large  gamma- ray  peak  centered  at  7.5  MeV.  Assuming  that  the 
RSE-111  reading  of  34.4  micro-rad  is  due  to  an  actual  gamma  tissue 
kerma  of  22.0  micro-rad  plus  a  thermal -neutron  response  of  1.0 
micro-rad  gives  a  sensitivity  factor  of  1.52  at  7.5  MeV.  The  gamma 
results  are  plotted  in  Figures  7  and  8.  As  can  be  seen,  these 
measurements  validate  the  calculation. 

No  low-energy  gamma-ray  sources  of  sufficient  intensity  were 
available  for  a  calibration  below  0.5  MeV,  so  that  portion  of  the 
response  remains  somewhat  uncertain.  For  the  spectra  encountered 
at  the  NED,  however,  this  is  effect  is  of  minor  importance,  as  will 
be  shown  below. 

E.  Fast  Neutrons 


The  fast-neutron  response  of  the  RSS-111  was  determined  by 
simultaneous  measurement  of  the  radiation  coming  from  the  DREG  Van 
de  Graaff.  The  RSS-111  reading  was  adjusted  by  subtracting  the 
gamma-ray  and  thermal-neutron  responses  from  the  actual  reading.  The 
net  result  was  then  attributed  to  fast-neutron  sensitivity. 

In  interpreting  the  data  in  Table  4  to  obtain  a  neutron  response 
function,  the  measured  gamma-ray  response  function  is  used  to  adjust 
for  gamma-ray  sensitivity.  The  gamma-ray  spectra  as  measured  by  NE-213 
were  integrated  ever  the  gamma  response  function  of  the  RSS-111  to 
obtain  an  equivalent  RSS-111  reading.  This  was  then  subtracted  from 
the  actual  RSS-111  reading  to  find  the  neutron  response.  Next,  the 
BF-3  monitored  thermal-neutron  response  was  subtracted.  The 
fast -neutron  response  of  the  RSS-111  was  then  compared  with  the 
NE-213  or  He-3  measured  response  to  find  the  neutron  sensitivity 
factor.  Since  the  subtraction  of  the  gamma-ray  response  from  the 
total  response  of  the  RSS-111  left  a  relatively  small  residual,  the 
propogated  errors  were  quite  large.  The  neutron  results  are  plotted 
in  Figure  9. 

The  differences  between  the  measurement  and  the  calculation  are 
larger  than  with  the  gamma-ray  results.  This  is  not  surprising, 
considering  the  rough  estimates  made  in  the  neutron  calculation. 

Fig.  10  shows  the  evaluated  neutron  sensitivity  function. 

C.  Thermal  Neutrons 

The  thermal-neutron  sensitivity  of  the  RSS-111  was  measured  by 
placing  the  ion  chamber  in  a  mixed  fast-neutron,  thermal-neutron, 
and  gamma-ray  field,  and  making  measurements  with  and  without  a 
thermal -neutron  absorbing  material. 

The  radiation  field  was  generated  by  placing  a  Cf-252  neutron 
source  inside  5-inch  diameter  and  8-inch  diameter  polyethylene 
spheres.  The  thermal-neutron  flux  was  monitored  with  bare  and 


cadmium- cove red  EF-3  proportional  counters. 

The  thermal-neutron  absorbing  material  was  boron-containing 
rubber  1/S  inch  thick.  Its  thermal-neutron  attenuation 
properties  were  measured  by  making  shielded  and  unshielded 
measurements  of  the  BF-3  counters.  Its  gamma-ray  attenuation 
properties  were  measured  with  a  Cs-137  source.  The  fast-neutron 
attenuation  properties  were  neglected  for  several  reasons:  the 
low  neutron/gamma  ratio  expected  for  radiation  coming  out  of  the 
sphere,  the  low  fast-neutron  sensitivity  of  the  RSS-ill,  and  the 
thinness  of  the  rubber. 

The  measured  data  is  listed  in  Table  5.  The  data  was  analyzed 
as  follows;  The  bare  RSS-111  response  is 

RS(B)  =  G  +  TN 


where  G  and  TN  are  the  portions  of  the  RSS-111  response  due  to 
gamma  rays  and  thermal  neutrons,  respectively.  With  the  RSS-111 
shielded  with  the  berated  rubber,  the  response  is 

RS<S)  =  0.985xG  +  0.14xTN 


The  borated  rubber  transmitted  98.5%  of  the  gamma  kerma  and  14%  of 
the  thermal-neutron  generated  kerma.  The  response  to  thermal  neutron 
is  therefore 


TN 


1 

0.858 


RS(B) 


RS(S) 

0.985 


The  thermal-  neutron  sensitivity  was  measured  three  times  in  order 
to  obtain  the  variation  of  results  with  different  neutron  moderators 
and  source-detector  distances.  The  averaged  value  of  2.63E-10 
R/n-cm**2  is  to  be  used  for  thermal  neutrons.  The  largest  error  in 
this  result  is  associated  with  the  gamma-ray  attenuation  properties 
of  the  neutron  shield.  The  overall  accuracy  is  unlikely  to  be  better 
than  20%. 


4.  APPLICATION 

Knowledge  of  the  energy  response  of  the  ion  chamber  allows  a 
better  interpretation  of  measured  data.  For  example,  the  RSS-111  ion 
chamber  was  used  to  measured  the  radiation  field  at  170  m  from  the 
NED  reactor.  The  neutron  and  gamma-ray  spectra  are  shown  in  Figs.  11 
and  12,  respectively.  Integrating  over  the  response  curves,  one 
finds  a  gamma-ray  sensitivity  correction  factor  of  1.16.  Thie  neutron 
response  is  calculated  to  be  only  1%  of  the  gamma  response,  so  it 
may  be  neglected.  The  adjustments  for  thermal  neutron  response  and 
for  gamma  spectral  response  are  given  in  Table  6.  There  is  a  21% 
correction  for  thermal-neutron  sensitivity  and  a  further  16% 
correction  for  gamma-ray  spectrum  sensitivity  which  combine  to  give 
an  overall  reduction  of  32%  in  the  actual  gamma-ray  kerma  as 
compared  to  the  RSS-111  reading.  The  adjusted  RSS-111  response 
agrees  well  with  the  NE-213  measured  gamma-ray  kerma. 
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Gamrria-ray  correction  factors  for  other  fields  of  interest  to 
NET  are  listed  in  Table  7.  In  no  case  did  using  different 
low-energy  transmission  factors  (see  Fig-  2)  change  the  computed 
gamma-ray  correction  factors  by  more  than  1%.  The  corrections  for 
fast  neutrons  were  small,  except  for  the  14  MeV  field,  but 
thermal  neutrons  had  a  significant  contribution  to  the  RSS-111 
readings  in  all  cases. 


5.  CCKCLUSIONS 

Since  the  gamma-ray  sensitivity  is  always  greater  than  or  equal 
to  the  sensitivity  at  the  calibration  energy,  the  RSS-111  will 
always  read  high.  Any  neutron  response  will  only  add  to  the 
indicated  result,  so  that  the  RSS-111  may  be  used  as  a  conservative 
estimator  of  the  gamma-ray  kerma.  In  a  field  with  many  high-energy 
gamma  rays,  or  with  a  dominating  neutron  component,  especially  of 
high-energy  or  thermal  neutrons,  the  uncorrected  RSS-111  response 
could  be  so  high  as  to  be  misleading  with  respect  to  the  true  gamma 
kerma . 
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TABLE  1.  BANGE  IN  IRON  OF  ELECTRONS  RESULTING  FROM  GAMMA  RAYS 


GAfl.M.*^-RAY 

AVERAGE  COMPTON' 

CSDA  RANGE  IN  IRON 

ENERGY 

RECOIL  ELECTRON 

(gin/cm*>*-2)  (is) 

(MEV) 

ENERGY  (MEV)  (a) 

C.Ol 

.0002 

.0000 

0.05 

.0040 

.0001 

C.IO 

.0138 

.0007 

0.15 

.0272 

.0024 

0.20 

.0432 

.0052 

0.30 

.0809 

.0150 

0.50 

.171 

.0512 

0.60 

.221 

.0882 

0.80 

.327 

.138 

l.OC 

.440 

.212 

1.50 

.742 

.426 

2.00 

1.061 

.661 

3.00 

1.731 

1.15 

4.00 

2.428 

1.64 

6.00 

3.864 

2.62 

8.00 

5.338 

3.53 

10.00 

6.835 

4. 38 

(a)  Ref.  6. 
(t)  Ref.  5. 


TABLE  2.  CALCULATIOll  OF  GAMA-?J^Y  SENSITIVITY  OF  THE  RSS-111 


GAMMA 

ELECTRO 

CSDA 

u. 

s(A/Fe) 

jLi/p(  A/Fe ; 

f 

ENERGY 

ENERGY 

RANGE 

(MEVn 

(MEV) 

( g/  cm*-^2 ) 

0.05 

.025 

.0019 

0 

1.06 

.30 

.30 

0.06 

.02 

.  0026 

0 

1.05 

.29 

.29 

0.07 

.035 

.0034 

.01 

1.05 

.30 

.31 

0.08 

.04 

.0043 

.01 

1.05 

.31 

.32 

0.09 

.045 

.0052 

.01 

1.05 

.32 

.33 

0.10 

.05 

.0062 

.01 

1.05 

.33 

.34 

0.15 

.075 

.0125 

.02 

1.04 

.46 

.47 

0.20 

.10 

.0204 

.04 

1.04 

.61 

.63 

0.30 

.15 

.0398 

.08 

1.04 

.83 

.85 

0.40 

.20 

.0631 

.12 

1.04 

.89 

.91 

0.5C 

.25 

.0892 

.17 

1.04 

.92 

.94 

0.60 

.30 

.117 

.23 

1.04 

.94 

.96 

0.8C 

.40 

.179 

.33 

1.04 

.96 

.99 

l.OC 

.50 

.244 

.42 

1.04 

.96 

.99 

1.50 

.75 

.316 

.50 

1.05 

.97 

1.01 

2.00 

1.00 

.594 

.67 

1.05 

.96 

1.02 

3.00 

1.50 

.948 

.77 

1.06 

.94 

1.03 

4 .  C  0 

2.00 

1.29 

.83 

1.07 

.91 

1.04 

5.00 

2. 50 

1.63 

.86 

1.07 

.89 

1.04 

6. 00 

3.00 

1.96 

.88 

1.08 

.87 

1.05 

8.00 

4.00 

2.59 

.91 

1.09 

.85 

1.07 

10.00 

5.00 

3.19 

.92 

1.10 

.83 

1.08 

GAMMA 

f 

Li/p(Fe/Tiss ) 

T 

RSS-111 

ENERGY 

sensitivity 

(MEV) 

0.05 

.30 

29.23 

.0001 

0.00 

0.06 

.29 

30.03 

.0032 

0.04 

0.07 

.31 

22.5 

.0248 

0.24 

0.08 

.32 

15.80 

.0847 

0.59 

0.09 

.33 

12.3 

.200 

0.84 

0.10 

.34 

8.55 

.271 

1.09 

0.15 

.47 

2.94 

.615 

1.18 

0.20 

.63 

1.67 

.744 

1.09 

0.30 

.85 

1.05 

.819 

1.01 

0.40 

.91 

.94 

.832 

0.97 

0.50 

.94 

.89 

.838 

0.97 

0.60 

.96 

.87 

.843 

0.98 

0.80 

.99 

.85 

.850 

0.99 

1.00 

.99 

.85 

.855 

1.00 

1.50 

1.01 

.84 

.868 

1.02 

2.00 

1.02 

.85 

.877 

1.06 

3.00 

1.03 

.90 

.885 

1.14 

4.00 

1.04 

.97 

.888 

1.24 

5. 00 

1.04 

1.04 

.889 

1.33 

6.00 

1.05 

1.10 

.888 

1.42 

8.00 

1.07 

1.23 

.885 

1.62 

10.00 

1.08 

1.33 

.883 

1.76 
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TABLE  3.  CALCULATION  OF  NEUTROM  SENSITIVITY  OF  THE  RSS-111 


NEUTRON 

PPOTO.N 

CSDA 

d 

s(A/Fe) 

JciA/Fe; 

f 

ENERGY 

ENERGY 

RANGE 

(MEV) 

(KPY) 

( g/cin’^*2 ) 

C.IO 

— 

.00 

1.18 

0.82 

0.82 

0.30 

-- 

-- 

.00 

1.18 

1.42 

1.42 

0.50 

-- 

-- 

.00 

1.18 

0.71 

0.71 

0.70 

-- 

-- 

.00 

1.18 

1.23 

1.23 

1.00 

-- 

-- 

.00 

1.18 

1.72 

1.72 

1.50 

-- 

— 

.00 

1.18 

1.72 

1.72 

2.00 

— 

-- 

.00 

1.18 

2.04 

2.04 

3.00 

-- 

.00 

1.18 

1.80 

1.80 

4.00 

1.00 

.006 

.01 

1.18 

1.55 

1.53 

5.00 

2.00 

,014 

.03 

1.18 

1.20 

1.20 

7.00 

4.00 

.046 

.05 

1.18 

0.78 

0.82 

9.00 

6.00 

.093 

.18 

1.18 

0.67 

0.83 

11. oc 

S.  OC 

.  155 

.29 

i.ie 

0.57 

0.75 

13.00 

IC.CC 

.231 

.40 

1.18 

0.52 

0.79 

15.00 

12.00 

.325 

.50 

1.18 

0.71 

0.94 

17.00 

14. OC 

.422 

.58 

1.18 

0.76 

1.00 

NEUTRON 

ENERGY 

(MEV) 

f 

k(Fe/Tiss ) 

RSS-111 

sensitivity 

0.10 

0.82 

.003 

.004 

0.30 

1.42 

.003 

.002 

0.50 

0.71 

.005 

.007 

0.70 

1.23 

.005 

.004 

1.00 

1.72 

.005 

.003 

1.50 

1.72 

.008 

.005 

2.00 

2.04 

.009 

.004 

3.00 

1.80 

.011 

.006 

4.00 

1.53 

.013 

.008 

5.00 

1.20 

.015 

.012 

7.00 

0.82 

.022 

.027 

9.00 

0.83 

.033 

.040 

11.00 

0.75 

.043 

.057 

13.00 

0.79 

.056 

.071 

15.00 

0.94 

.071 

.075 

17.00 

1.00 

.088 

.088 
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TABLE  4.  MEASURED  KEE>IA 
a.  Gamma-ray  sensitivity  calibration. 


0.67 

Cs-137 


Gamma- ray  Energy ( Me V) 
Gamma -ray  Source 

Neutron  Energy (MeV) 

Fast -neutron  Kerma(AiR) 
Thermal -neutron  kermaC/iR) 

RSS-111  Kerma(AiR) 

NE-213  Gamma  KermaC/oR) 


Gamma-ray  Sensitivity  1.02  1. 

b.  Fast-neutron  sensitivity  calibration. 


1.2 

Co-60 


7.5 

p-LiF 


- 

- 

0.8 

- 

- 

15.0 

- 

- 

1.0 

240.5 

230.4 

34.4 

236.2 

228.0 

22.0 

1.02 

1.01 

1.52 

Neutron  Energy (MeV) 

0.80 

4.1 

14.0 

16.7 

Neutron  Source 

p-Li 

D-D 

D-T 

D-T 

RSS-111  Kerma(jLiR) 

22.3 

97.3 

92.0 

134.5 

NE-213  Gamma  Kerma(MR) 

NE-213  Gamma  Kerma, 

13.6 

70.1 

40.5 

74.6 

Adi.  for  RSS-111  Sens.(juR) 
EF-3  Monitored 

16.4 

85.0 

49.3 

90.8 

Thermal-neutron  sens.(*iR) 

5.5 

6.4 

2.3 

3.2 

Net  RSS-111  Resp.{iiR) 

0.4 

5.9 

40.4 

40.5 

Fast-Neutron  Kerma(*iR) 

217.0 

1890.0 

709.0 

1280.0 

Fast-Neutron  Sensitivity 

0.002 

0.003 

0.057 

0.032 

i 


TABLE  5.  DATA  FOR  THERMAL-IIEDTRON  SEHSITIVITY  OF  THE  RSS-111 


L.A  CuvCC 

5-in 

5-in 

P-in 

source -detector 

distance 

126  cm 

200  cm 

ec  cm. 

RSS-111  (bare:  i 

(LiP./hr  ; 

332 

123 

403 

RSE-111  (covered)  (juR/hr) 

313 

111.5 

379 

Tlie  r  ma  1  -  Neu  t  r  on 

Sens .  (juR;/hr ) 

17.7 

11.4 

The  r ma 1 - N  e  u t  r  0  n 

Flux  (n/cm+^2-hr) 

71400 

43300 

76600’“ 

sensitivity  factor  jR/n-cm’^*2)  2.48E-10  2.63E-10  2.77E-10 


Average  thermal  neutron  sensitivity  factor  =  2.63E-1D  R/n-cm^-^u 


TABLE  6.  EXAJIPLE  OF  RSS-111  CORRECTIOllS s  170M  FROM  HED  REACTOR 


RES-111  Reading  (/jR/kwhr)  24.0 

Thermal -Neutron  Flux  (n/cm*’^2- kwhr )  18,990. 

RSS-111  Tliermal -Neutron  Correction  (*iR/kwhr)  5.0 

RSS-111  Response  due  to  gammas  (juR/Jcwhr)  19.0 

Rss-111  Adjusted  for  gamma  response  (uR/kwhr)  18.3 

Actual  gamma  kerma  at  170ro  (tiR/kwhr)  1G.5+-0.5 


TABLE  7.  RSS-111  CORRECTION  FACTORS  (a) 


GAMMA-RAY  CALCULATED  RSS-111 

ENVIRONMENT  CORRECTION  FACTOR 


170  m  Free-field  (b)  0.86 

400  m  Free-field  (b)  0.86 

1080  m  Free-field  (b)  0.85 

M60A1  Turret  (170m)  (b)  0.73 

400  m  14  MEV  (c)  0.82 


(a)  Multiply  this  factor  times  RS-lll  results,  after 
subtracting  neutron  sensitivity,  to  find  gamma-ray  kerma 

(b)  Distance  from  NED  fast-burst  reactor. 

(c)  Distance  from  ETCA  14  ME^/  aenerator. 


1,11  SENSITIVITY 


•j At-lf'lH— RAY  ENERGY  (  MEV  > 

Figure  1.  Reuter-Stokes  supplied  RSS-111  gamma-ray  sensitivity 
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Figure  2.  Calculated  RSS-111  gamma-ray  sensitivity. 
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3.  Comparison  of  supplied  and  calculated  gamma-ray  sensitivities. 


I.  i.  «i  i.  1?.  12 1  1*.  It.  It.  2'!'. 

NEUTRON  ENERGY  <MEV> 

Figure  A.  Calculated  RSS-111  neutron  sensitivity. 
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GAMMA  FLUX  h  ENERG 


t"  energy  <  MEV  > 

Figure  6.  Energy-velghCed  p-LIF  gamma-ray  spectrum 


EINERC-iY  <  MEV  > 

Figure  7.  Comparison  of  measured  and  calculated  gamma-ray  sensitivities 
(logarithmic  energy  scale). 


•Gf*iMr-1i^-R»a»Y  ENERGY  <MEV;> 

Figure  8.  Comparison  of  measured  and  calculated  gamma-ray  sensitivities 
(linear  energy  scale). 


NEUTRON  SENSITIVITY 


Figure 


r  4 E U  T  R  O N  E NE  R G  Y  <  M E  ■./  > 

.  Comparison  of  measured  and  calculated  neutron  sensitivitie 


I  '  ■  I  I 


; .  if*  li*  !*■  ICt  It* 

NEUTRON  ENERGY  < MEV > 

Figure  10.  Evaluated  neutron  sensitivity  of  RSS-111. 
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